This Letter proposes to apply full-color computer-generated holograms to the virtual image projection system so that the viewers can comfortably view floating images. Regarding the spatial division and distribution operation, a modified Gerchberg-Saxton algorithm is used for acquiring the phase infographics, which are input into the spatial light modulator for the reconstructed projection. Such a virtual image projection system could reach the vertical angle of view of 15°-75°and the horizontal angle of view 360°, and the mixed-light modulating proportion contains a 3 mW red light laser, a 2 mW green light laser, and a 2.6 mW blue light laser to achieve the full-color mixed-light proportion with a speckle contrast of 6.65%. The relative diffraction efficiency and root mean square error of the reconstructed image are 95.3% and 0.0524, respectively.
The computer-generated hologram (CGH) is a technology based on holographic theories [1] that simulates the interference of an object beam and a reference beam to generate holograms. Currently, a spatial light modulator (SLM) is mostly utilized for image reconstruction [2] . A CGH could record and reconstruct three-dimensional (3D) images [3] [4] [5] , as well as reduce optical deviation in the optical recording process of traditional holograms [6] . The 3D phase information of an object needs to be calculated, and at least three times the operand is required for the full-color effect. Current CGHs mostly present images with monochromatic light. Nonetheless, full-color holographic displays would be a key development in 3D display technology in order to enhance the reality of the images.
A full-color holographic system has currently been completed with LEDs [7] . However, in terms of color performance and efficiency consumption, laser light presents better color purity, with better sharpness and colorfulness than LEDs do. Additionally, a laser produces highdirectivity, coherent light that would not consume energy when propagating in the air and could transmit light over a distance. Accordingly, a full-color mixed computerholographic system with a three-color laser is proposed in this Letter. The three-color laser mixed light can calculate the white light suitable for human eyes by a rapid calculation with a modified Gerchberg-Saxton algorithm (MGSA) and an additive color mixing equation drawn up by an International Commission on Illumination (CIE). Parabolic mirrors with distinct curvatures are used for constructing the virtual image projection system to present high-presence 3D images. From the CIE coordinates, it is found that the additive mixed result is within the range of visible light. In this case, primary colors with distinct ratios are additive mixed in order to acquire the appropriate full-color mixed-light ratio. According to color equation in Eq. (1), three color stimuli, blue light (λ ¼ 473 nm), green light (λ ¼ 532 nm), and red light (λ ¼ 632 nm), form white when the mixing is simulated in advance.
[W] denotes white light, R, G, and B stand for the mixed ratio of primary colors, and [R], [G] , and [B] are the stimulus responses of the cone cells of the human eyes towards the three colors, i.e., the tristimulus values [8] . Matlab is used in this Letter for the white light additive mixing simulation, and the optimal mixed ratio is R∶G∶B ¼ 3 mW∶2 mW∶2.6 mW.
The MGSA is further applied to rapidly calculate the image phase information for generating CGHs [9, 10] . It accelerated the speed for image convergence and enhanced the quality of the signal reconstruction in the iterative operation after adding a random phase in the beginning of the algorithm. In addition, the optical structure for the MGSA was a lensless imaging system. A lens can therefore be omitted from the structure in the optical reconstruction in order to simplify the optical structure. Figure 1 shows the flow chart of the MGSA. First, a random phase function is generated, and the initial random phase is denoted as ΨI ðx 0 ; y 0 Þ. Second, the phase function ΨÎ ðx 0 ; y 0 Þ is multiplied with the initial amplitude for Fresnel transform (FrT), and the approximate image phase function I ðx 1 ; y 1 Þ and the approximate phase function ΨÎ ðx 1 ; y 1 Þ are acquired. Equation (2) is the Fresnel integral transform, where Eðx; y; zÞ is the coordinates of the raw image field, Eðx 0 ; y 0 ; 0Þ is the coordinates of the raw image plane passing the diffractive image plane of FrT. λ is the wavelength of the incident light, z presents the distance between the hologram and an image plane defined in the space, p is the x-direction spatial frequency, and q is the y-direction spatial frequency.
Third, the target image function I ðx 1 ; y 1 Þ and the approximate image phase function ΨÎ ðx 1 ; y 1 Þ are proceeded inverse FrT for the phase function ΨI ðx 0 ; y 0 Þ. For the accuracy of an approximate image, the system would repeat steps two and three for image iteration, until the approximate image phase functionÎ ðx 1 ; y 1 Þ and the target image function I ðx 1 ; y 1 Þ approach the consistency; the approximate image phase function ΨÎ ðx 1 ; y 1 Þ is then output. By applying the MGSA to calculate the image phase information, not only is the phase information rapidly acquired, but high-quality image reconstruction can be presented after the decryption. Eðx; y; zÞ ¼ exp
After completing the image processing of the computergenerated hologram, a virtual image projection optical architecture is utilized for presenting the full-color stereo image (Fig. 2) . The double-parabolic projection system [11, 12] is composed of double parabolic mirrors, and the specifications are shown in Table 1 . The full-color computergenerated hologram in Fig. 2 is a real image, which could be remade a virtual image through the double-parabolic projection system. The image magnification appears to be 1.2 through the calculation of the paraboloid imaging equation.
Full-color CGHs are applied to the virtual image projection system for experiments using a blue light laser (DPSS Blue LASER, λ ¼ 473 nm), a green light laser (DPSS Green, λ ¼ 532 nm), and a red light laser (He-Ne LASER, λ ¼ 632 nm). The mixed light ratio is R∶G∶B ¼ 3 mW∶2 mW∶2.6 mW, and the system architecture is shown in Fig. 3 . When the image phase is calculated through the MGSA, the primary colors' corresponding phase information are input into the SLM for image reconstruction. The pixel pitch of the SLM used in this Letter is 6.4 μm (Jasper Display, Kit JD8554). When the diffractive distance is a fixed value, the reconstructed image is a zero-order diffraction image. The primary color image could be modulated by a 0.6 mm × 1.3 mm white light image through a dichroic prism (X-Cube) (Fig. 4) . The white light image could be used to complete the virtual image full-color CGH through the virtual image projection optical architecture (Fig. 5) . Figure 5 shows the virtual image projection from a different horizontal angle of view, with which the mixed-light floating image can be viewed from various angles. The MGSA could merely be applied to the algorithm of two-dimensional (2D) plane patterns in this Letter. The floating images in this Letter are realized through multiple dynamic phase only fuction (POF) and dual parabolic mirrors. The MGSA is utilized to complete several 2D plane-pattern POFs, which are linked and played at a speed of 15 fps, and the dual parabolic mirrors are used for the floating effect. The field of view is generated by the dual-parabolic mirror system, with which the viewers need to view the images at the imaging end of the dual-parabolic mirrors so as to view the 360°perspective from the horizontal viewing angle. In regard to the image quality evaluation, the root mean square error of 0.0524 [13] of the CGH imaging can be calculated with Eq. (3), where MN is the reconstruction area, containing the image reconstruction and noise, and I N is the noise intensity. The relative diffraction efficiency of 95.3% can be calculated with Eq. (4), where I S is the reconstruction intensity. The horizontal viewing angle is 360°, and the vertical viewing angle ranges from 15°to 75°. As shown in Fig. 6 , the color coordinates ðx; yÞ of the full-color mixed image are (0.33,0.39).
Root mean square error
Relative diffraction efficiency ¼
A full-color projection system with a wide angle of view is implemented in the proposed system. The destruction of spatial coherence and time coherence to restrain the laser speckles is also discussed. In regard to the destruction of the laser's spatial coherence, the randomly distributed diffuser surface is used to destruct the wavefront and the coherence of the laser light. The destruction degree is determined by the diffuser's roughness. Greater roughness results in the fiercer destruction of the laser light wavefront and coherence [14] . The diffuser diameter is 50.4 mm, and the surface roughness is 0.857 μm. The effect of laser speckle on the images is defined by the laser speckle contrast (SC), which can be obtained using Eq. (5), where I denotes the luminous intensity, ranging from 0-1, and the larger value stands for a more serious laser speckle [15] .
When a diffuser is used for CGH image reconstruction, the SCs of the red light image, green light image, and blue light image are 13.03%, 21.42%, and 26.81%, respectively. When the primary color image reconstruction is modulated as a full-color image reconstruction, the speckle field in the superposition will reduce the laser SC by the nonlinear superposition because the laser speckle pattern in the primary color image reconstruction is mutually superposed [16, 17] . In this case, the full-color image reconstruction through mixed light has a SC of 11.75%.
Regarding the destruction of the laser light time coherence, the interference in the middle of an image is more serious than it is at the edge of the image, as a diffuser would have the passing beam generate various optical path differences [18] . For this reason, the diffuser is rotated in this Letter to restrain the interference of the dynamic speckles so that the speckle in the middle or on the edge is homogenized to match the speckle field through dynamic rotation [19] . In addition to pure rotation, the changes of the laser speckle under seven different rotating speeds are further studied and compared (Fig. 7) . Under the revolution of 3000 rpm, the SC of the red light image reconstruction, green light image reconstruction, blue light image reconstruction, and full-color mixed-light image reconstruction drops down to 6.96%, 14.07%, 13.98%, and 6.65%, respectively. Figure 8 shows a 40 pixel × 40 pixel speckle graph retrieved by a CCD without rotation and with the revolution under 3000 rpm. From Fig. 7 , it can be seen that the increasing rotation speed would result in the homogeneous distribution of the speckle field and a lower SC. However, when the homogenization is saturated, the restraint becomes stable, even though the revolution is homogenized and the saturated speckle field does not change [20] . In regard to the image speckle restraint, the SC of the full-color computer-generated hologram projected by the system is lower than that proposed by Thomas and Middlebrook [21] .
In conclusion, a primary color laser light is used to reconstruct a full-color CGH, and a double-parabolic projection system is utilized for successful image reconstruction, which is presented with a virtual image with high presence. Moreover, restraining the full-color holographic image speckle is also a research point. Meanwhile, the destruction of spatial coherence and time coherence to restrain laser speckle has reduced the mixed-light image speckle down to 6.65%. Fig. 7 . Changes of laser speckle of red light, green light, blue light, and full-color mixed light image reconstruction under distinct rotating speeds (0, 1.5, 15, 150, 300, 1500, and 3000 rpm). 
